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Summary
Background: The centriole is one of the most enig-
matic organelles in the cell. Centrioles are cylindrical,
microtubule-based barrels found in the core of the cen-
trosome. Centrioles also act as basal bodies during in-
terphase to nucleate the assembly of cilia and flagella.
There are currently only a handful of known centriole
proteins.
Results: We used mass-spectrometry-based MudPIT
(multidimensional protein identification technology) to
identify the protein composition of basal bodies (centri-
oles) isolated from the green alga Chlamydomonas rein-
hardtii. This analysis detected the majority of known
centriole proteins, including centrin, epsilon tubulin,
and the cartwheel protein BLD10p. By combining pro-
teomic data with information about gene expression
and comparative genomics, we identified 45 cross-vali-
dated centriole candidate proteins in two classes.
Members of the first class of proteins (BUG1–BUG27)
are encoded by genes whose expression correlates
with flagellar assembly and which therefore may play a
role in ciliogenesis-related functions of basal bodies.
Members of the second class (POC1–POC18) are impli-
cated by comparative-genomics and -proteomics
studies to be conserved components of the centriole.
We confirmed centriolar localization for the human ho-
mologs of four candidate proteins. Three of the cross-
validated centriole candidate proteins are encoded by
orthologs of genes (OFD1, NPHP-4, and PACRG) impli-
cated in mammalian ciliary function and disease, sug-
gesting that oral-facial-digital syndrome and nephron-
ophthisis may involve a dysfunction of centrioles and/
or basal bodies.
Conclusions: By analyzing isolated Chlamydomonas
basal bodies, we have been able to obtain the first re-
ported proteomic analysis of the centriole.
Introduction
Centrioles are composed of nine triplet microtubules
arranged into a cylinder with a 250 nm diameter [1].
The function of centrioles, and the mechanism of their
duplication, remains unclear. Much of the aura of mys-
tery that surrounds centrioles stems from the fact that
the protein composition of centrioles is largely un-
known.*Correspondence: wmarshall@biochem.ucsf.eduDuring interphase, centrioles act as basal bodies by
templating the formation of cilia and flagella. The im-
portance of cilia for many developmental and physio-
logical processes [2, 3] has generated great recent in-
terest in the function of ciliary basal bodies. Several
human diseases that appear to involve ciliary defects—
for example, Bardet-Biedl syndrome—are now known
to result from defects in basal-body-localized proteins
[4–6]. Given that multiple ciliary-disease genes encode
basal-body-associated proteins, one potentially power-
ful approach for identifying additional basal-body-
localized ciliary-disease genes is to determine the pro-
tein composition of centrioles that have matured into
basal bodies.
Direct proteomic analysis of centrioles has not pre-
viously been reported. In a clever and innovative strategy
to define cilia and centriole-related genes, comparative-
genomic analyses were previously used to determine
genes conserved in species that have cilia and flagella
[4, 7]. Several of these conserved genes are known to
localize to centrioles or basal bodies, consistent with
the fact that any organism that forms cilia must also
contain centrioles. However, despite the fact that one
of these datasets was named the flagellar and basal-
body proteome (FABP), in fact these analyses were en-
tirely genomics based and did not directly address the
protein composition of centrioles per se. Comparative-
genomics analyses are unable to detect centriolar pro-
teins, such as centrin or tubulin, which are conserved
in species lacking cilia. A direct proteomic analysis of
centrioles would therefore be expected to provide com-
plementary information about centriole composition.
A proteomic analysis of whole centrosomes isolated
from vertebrate cells has been published [8]. However,
it is critical to distinguish between centrioles and cen-
trosomes, which are much larger structures composed
of centrioles embedded within a large quantity of amor-
phous pericentriolar material (PCM) that is responsible
for nucleation of microtubules. In metazoans, centrioles
are small in comparison to the large size of the entire
centrosome, and one would expect that the proteins
making up the centriole would be swamped out by the
large quantity of PCM proteins if entire centrosomes
were analyzed by proteomics. In fact, although the pub-
lished centrosome proteome identified many proteins
of the pericentriolar matrix, only a few known centriole
proteins were identified in that study; for example, epsi-
lon tubulin was not found. In contrast, Chlamydomonas
basal bodies represent essentially naked centrioles,
without any appreciable PCM. Therefore, a proteomic
analysis of Chlamydomonas basal bodies should allow
identification of bona fide centriole proteins to a higher
degree of sensitivity than previous studies. Moreover,
because eukaryotic basal bodies template flagellar as-
sembly during interphase and also act as centrioles in
mitosis (as first recognized in the 19th century by Hen-
neguy and von Lenhossék), analysis of isolated Chla-
mydomonas basal bodies should reveal both proteins
found within the mitotic centriole as well as basal-
body-specific proteins involved in ciliary assembly.
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fying and isolating basal bodies (i.e., centrioles) from
Chlamydomonas. Our proteomic analysis of these iso-
lated basal bodies provides the first opportunity to re-
veal the specific parts of the centriole. This will help
elucidate the function and properties of this unique or-
ganelle, which has remained mysterious for more than
a century.
Results
Isolation of Chlamydomonas Basal Bodies
We developed, based on a previously published proto-
col [9], a procedure for isolating Chlamydomonas basal
bodies, as detailed in the Supplemental Experimental
Procedures available with this article online. Chlamydo-
monas cells first were deflagellated and then lysed in
detergent. Basal bodies were then enriched from this
lysate via two rounds of velocity sedimentation in
sucrose step gradients [9], followed by equilibrium cen-
trifugation in a continuous gradient of Nycodenz.
As illustrated in Figure 1, this procedure was effective
in enriching basal bodies from the crude lysate. Overall
enrichment was estimated by immunofluorescence
analysis of fractions spun down onto coverslips. We
estimate the overall basal-body enrichment relative to
total protein to be on the order of 6000-fold (Table S1).
Enrichment of centrioles in the peak fraction was con-
firmed by Western-blot analysis with antibodies against
acetylated tubulin, a tubulin isoform that is highly en-
riched in centrioles (Figure 1C). Examination of the iso-
lated basal-body preparation by immunofluorescence
and negative-stain electron microscopy (Figure 1D)Figure 1. Isolation of Chlamydomonas Basal
Bodies
(A) Western blot of Nycodenz gradient
probed for acetylated tubulin. Blot shows 15
out of 35 fractions, with peak centriole con-
centration limited to three sequential frac-
tions.
(B and C) Enrichment of basal bodies during
isolation (first lane, whole-cell lysates; last
two lanes, peak fraction from second
sucrose step gradient and from Nycodenz
gradient, respectively). (B) Equal protein
loaded in each lane is indicated by Coomas-
sie stain. (C) A Western blot for acetylated
tubulin, a centriole marker, shows pro-
gressive enrichment relative to total protein.
(D) Immunofluorescence image of isolated
basal bodies stained with anti-acetylated
tubulin antibodies. Inset: a negative-stain
electron micrograph of isolated basal bodies
shows that the typical centriole ultrastruc-
ture remains intact during the procedure.
(E) 2D PAGE analysis of isolated basal bodies.showed a large number of paired centriole structures,
indicating that the ultrastructure was maintained during
the preparation. It is also apparent from the negative-
stain images that the isolated basal bodies are not sur-
rounded by any significant quantity of pericentriolar
material. Two-dimensional gel electrophoresis analysis
indicates that the preparations contained at least 100
proteins (Figure 1E), consistent with previous esti-
mates [10].
No contamination by flagella or microtubules was ob-
served in our immunofluorescence analysis (Figure 1D).
We noted that the final peak basal-body fraction, along
with most other fractions in the gradient, was slightly
green in color, suggesting chloroplast contamination.
This was expected a priori, given that the majority of
the Chlamydomonas cell volume is occupied by the
chloroplast. However, the green color (chloroplast) was
spread over the entire length of the gradient and was
not visibly enriched in the peak basal-body fraction.
This wide distribution of chloroplast is in contrast to the
basal bodies themselves, which were highly enriched
in just a few adjacent fractions (Figure 1A).
Proteomic Analysis of Isolated Basal Bodies
We analyzed the protein composition of the peak basal-
body fraction from the Nycodenz gradient by using
MudPIT (multidimensional protein identification tech-
nology), a mass-spectrometry-based method in which
complex mixtures of proteins can be analyzed without
prior electrophoretic separation [11]. Mass-spectrome-
try data were used to match individual peptides to pre-
dicted gene models in the Chlamydomonas genome
sequence. In addition to analyzing the composition of
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iboring fractions from the final Nycodenz gradient in or-
tder to determine which proteins are unique to the peak
mfraction and which represent contamination with organ-
welles or structures that fortuitously migrated near the
cbasal-body peak. Proteins that were detected in the peak
afraction but that were also present in either of the
aneighboring control fractions were removed from the
dpeak fraction protein list, a subtractive proteomic strat-
tegy that has proven effective in other studies of com-
fplex organelle isolations [12]. The gene models corre-
sponding to detected peptides in the peak fraction
t(after subtraction) and the two neighboring control frac-
Stions are given in Tables S2 and S3. In Table S2, which
[represents the peak fraction, we also list two indicators
cof protein quantity, the number of peptides identified
aper protein and the spectral count divided by the pre-
idicted protein mass. The latter number is a more accu-
wrate predictor of protein quantity in the mixture [13].
cWe confirmed the degree of centriole enrichment by
tdetermining the percentage of known protein compo-
nents of various cellular substructures or pathways
c
identified in each fraction that was analyzed. As il-
b
lustrated in Figure 2, the peak basal-body fraction is a
highly enriched in centriole proteins as judged from the b
fact that 73% (8 out of 11) of known Chlamydomonas t
centriole proteins were detected in the peak fraction. R
Neither of the neighboring control fractions displayed n
this enrichment in their protein lists. As predicted from w
the green color observed during the purification pro- R
cedure, all three fractions contained a substantial pro- r
portion of the known chloroplast proteins tabulated in o
our validation data set. However, compared to the two (
control fractions, the peak basal-body fraction actually l
had a smaller fraction of known chloroplast proteins. o
Mitochondria were also detected as a significant con- t
taminating organelle in the peak fraction by this bioin- h
formatics-based classification approach. Proteins in-
volved in translation, membrane trafficking, fatty-acid C
synthesis, glycolysis, and the actin cytoskeleton were T
tonly minor contributors to all three samples. We there-Figure 2. Mass Spectrometry Confirms En-
richment of Centriole Proteins in the Peak
Fraction Relative to Control Fractions
Graph indicates the fraction of known pro-
teins of different types found in each sample.
(Red) Control fraction running above peak
fraction in Nycodenz gradient. (White) Con-
trol fraction running below peak fraction in
Nycodenz gradient. (Blue) Peak centriole
fraction as judged from immunofluorescence
and Western blotting. As the graph indi-
cates, the peak centriole fraction contains
the majority of known centriole proteins,
whereas none were found in either control
fraction. Chloroplast and mitochondria were
major components of the two control frac-
tions and were also found in the peak
fraction.ore conclude, based on Figure 2, that the peak fraction
s specifically enriched for basal-body/centriole pro-
eins and that the two other organelles, chloroplast and
itochondria, that were present in the peak fraction
ere less enriched in the peak than in the neighboring
ontrol fraction 1. Consistent with the fact that flagellar
xonemes were not observed in immunofluorescence
nalysis of the peak fraction (Figure 1D), we did not
etect any flagellar dyneins or radial-spoke proteins in
he peak centriole fraction or either of the two control
ractions.
The following known Chlamydomonas centriole pro-
eins were found in the peak basal-body fraction (Table
2) but not in the control fractions (Table S3): tektin
14], Rib43a [15], DIP13 [16], SF-assemblin [17],
entrin/VFL2p [18], -tubulin/BLD2p [19], Bap95 [20],
nd BLD10p [21]. Both α- and β-tubulin were present
n large quantities in the peak fraction, although these
ere not scored as centriole specific in Figure 2 be-
ause they are present throughout the cell in addition
o being present in centrioles.
In addition to the protofilament ribbon (pf-ribbon)
omponents tektin and Rib43a, which have previously
een shown to be components of microtubule doublets
nd triplets found in flagella and in centrioles/basal
odies, we also recovered a third known pf-ribbon pro-
ein, Rib72, plus a Rib72-related protein. Because
ib72 presumably coincorporates into the same axo-
emal substructures as tektin and Rib43a, both of
hich are also present in centrioles, it is likely that
ib72 and Rib72-like are also centriolar; hence, their
ecovery in this analysis further confirms the detection
f bona fide centriole proteins. In addition to centrin
VFL2p), we also identified two additional centrin homo-
ogs related to centrin-2 and centrin-3, which are centri-
le associated in animal cells. Another protein iden-
ified in the peak fraction was a Chlamydomonas
omolog of the centrin binding protein SFI1 [22].
ross-Validation of Candidate Centriole Proteins
he enrichment of known centriole proteins in the pro-
eomic data from the peak basal-body fraction leaves
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proteins are likely candidate centriole proteins as op-
posed to contaminants. As a first step toward this clas-
sification, we cross-validated our centriole-proteome
candidate list by comparing it to lists of proteins de-
rived from previously published comparative-genomics
studies of genes conserved in species that have centri-
oles [4, 7] as well as to proteomic analyses of human
centrosomes [8] and cilia [23, 24]. We also compared
our protein list to the products of genes identified in
a recent genome-wide transcriptional analysis of gene
expression during flagellar regeneration in Chlamydo-
monas [25]. Previous studies have indicated that sev-
eral proteins that localize to basal bodies are encoded
by genes that are transcriptionally upregulated during
flagellar regeneration in Chlamydomonas. Such upreg-
ulation was first shown for genes that encode flagellar
proteins, but some encode basal-body proteins. Genes
that have previously been shown to be upregulated and
that encode basal-body proteins include BBS5 (Bardet-
Biedl syndrome), which encodes a protein localized to
ciliary basal bodies in humans [4], and DIP13 [16],
which was identified in our proteomic analysis of the
peak basal-body fraction.
A protein was considered to be cross-validated as
a candidate centriole protein if it was detected in our
proteomic analysis of isolated basal bodies and also
scored positive for one or more of the following criteria:
(a) conserved among species with centrioles (i.e., pre-
sent in the comparative-genomic analyses of Li et al.
[4] or Avidor-Reiss et al [7].), (b) present in centrosome-
or cilia-proteome datasets of Andersen [8] or Ostrowski
[23] or localized to centrioles/centrosomes based on
published studies, or (c) encoded by a gene upregu-
lated during flagellar assembly as judged from ge-
nome-wide microarray analysis [25] supplemented by
quantitative RT-PCR (reverse transcriptase-polymerase
chain reaction) rechecking of genes initially scored in
the published microarray analysis as nonupregulatory
(Table S4).
Figure 3A shows the overall composition of the peak
basal-body fraction, with proteins classified based on
their annotations in the Chlamydomonas genome and
with the cross-validation criteria outlined above taken
into account. Proteins for which convincing homology
is lacking and for which no cross-validation data are
available were considered “unknown.” As illustrated in
Figure 3A, known centriole proteins (indicated in red)
and cross-validated centriole candidates (indicated in
shades of blue) constitute roughly one-third of the total
list of proteins identified in the analysis of the isolated
basal bodies. As indicated in Figure 3B, many of the
cross-validated centriole candidate proteins were vali-
dated by more than one criterion. The cross-validation
criteria did not classify any of the known chloroplast
or mitochondrial contaminants as candidate centriole
proteins, as shown by the lack of overlap in the Venn
diagram, confirming the effectiveness of this bioinfor-
matic validation strategy.
Identifying Centriole Proteins Potentially
Iinvolved in Ciliogenesis
As discussed above, gene upregulation during flagellar
regeneration indicates a possible role for proteins in theFigure 3. Protein Composition of Isolated Basal Bodies
(A) Pie chart showing the fraction of proteins classified according
to predicted localization.
(B) Venn diagram illustrating the overlap between the sets of pro-
teins scored positive by the three different methods of bioinfor-
matic cross-validation. The total set of 195 proteins also includes
unknown and other categories indicated in panel (A), but these did
not overlap any of the cross-validated categories and were there-
fore not included in the Venn diagram.assembly or function of cilia and flagella. Of 59 proteins
known to localize within flagella (listed in Table S5), only
three, tektin, Rib43a, and Rib72, were also found in the
centriole-proteome data. These three are components
of pf-ribbon structures that are shared between centri-
ole microtubule triplets and flagellar microtubule
doublets, and thus they are expected in both struc-
tures. Because none of the strictly flagellar proteins
were found in the centriole proteome, it is likely that the
preparation is entirely free of flagellar contamination,
and hence any proteins in the proteome encoded by
genes upregulated during flagellar regeneration should
be associated with basal bodies as opposed to simply
being flagellar components.
Comparison of the centriole-proteome data obtained
from the peak basal-body fraction to patterns of gene
expression during flagellar assembly as judged from
our recently published microarray data ([25] and from
quantitative PCR (Table S4) revealed eight known Chla-
mydomonas proteins (TUA1, TUB1, tektin, DIP13,
Rib43a, Rib72, HSP90A, and CCT3) known to be in-
volved with flagellar structure or assembly, all of which,
with the exception of Rib72, have also been previously
shown to localize to basal bodies. We also identified 27
new proteins, which we have named the BUG proteins
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proteins were identified in our centriole/basal-body C
Cproteome and are encoded by genes that are upregu-
lated during flagellar assembly (Table 1). As reflected T
ein the name BUG, these proteins are identified by two
criteria, one involving proteomics and one involving c
tgene expression. Involvement of these proteins with
basal bodies or flagella in Chlamydomonas has not pre- t
tviously been reported.
c
sIdentification of a Conserved Set of Candidate
Centriole Proteins t
oBased on cross-validation using comparative genomics
data [4, 7] as well as published proteomic analyses of TTTable 1. BUG Proteins
NName Protein ID Protein Description
PTUA1 154911 Alpha tubulin
TUB1 158210 Beta tubulin
PTEK1 168881 tektin [14]
DIP13 159197 Chlamydomonas basal-body protein [16] P
RIB43a 170694 pf-ribbon protein found in microtubule
doublets [15] P
RIB72 168675 pf-ribbon protein found in microtubule
doublets [40] P
HSP90A 169301 chaperone protein associated with cilia
[41] P
PCCT3 156617 CCT T-complex protein 1 gamma [42]
BUG1 155336 novel protein
PBUG2 159506 novel protein
BUG3 166521 novel protein expressed in mouse testis
PBUG4 171153 novel protein
BUG5 153027 nucleoside diphosphate kinase similar to
PNDK-7
BUG6 155819 IQ domain protein
PBUG7 157731 DnaJ domain protein
BUG8 154693 novel protein
PBUG9 156034 novel protein
BUG10 156969 EF-hand protein similar to centrin-2
PBUG11 157801 LisH-domain protein orthologous to
OFD1 P
BUG12 160014 novel protein
BUG13 161556 P-loop protein P
PBUG14 168135 WD40 domain protein, FABP motility
class P
PBUG15 169308 novel protein expressed in mouse testis
BUG16 171275 novel protein
BUG17 162106 novel protein C
BUG18 158310 novel protein c
BUG19 161985 novel gene b
BUG20 168906 cgcr-4 protein encoded in GC-rich (
genome region c
BUG21 162703 PACRG ortholog (Parkin co-regulated 7
gene) a
BUG22 153184 novel protein
BUG23 156421 coiled-coil protein
BUG24 157337 proline-rich domain protein
BUG25 159666 coiled-coil protein h
BUG26 160224 novel protein
tBUG27 161716 coiled-coil protein
n
Chlamydomonas centriole-proteome components whose genes
care upregulated during flagellar regeneration, presumably reflecting
ua role in basal-body function during flagellar assembly, were
tdesignated BUG (basal-body proteins with upregulated genes).
Protein ID numbers are as specified in version 2.0 of the Chla- b
mydomonas genome sequence, available at the Joint Genomes p
Institute web site: http://genome.jgi-psf.org/chlre2/chlre2.home. u
html.
f
suman centrosomes and cilia, we have identified a fur-
her set of 18 strong candidate centriole proteins. We
amed the set of proteins that were cross-validated by
onservation but which are not encoded by genes
pregulated during flagellar regeneration the POC pro-
eins (proteome of centriole), and they are listed in Ta-
le 2. The POC proteins are likely to be involved in as-
ects of centriole structure or functions that are
nrelated to ciliogenesis or ciliary function and there-
ore are considered to be potential candidates for core
tructural components of the centriole itself.
entriolar Localization of Four Cross-Validated
entriole Candidate Proteins
o test the efficacy of our protein-identification strat-
gy, we examined localization of a random subset of
andidate proteins (Figure 4). Tektin served as a posi-
ive control. We constructed C-terminal GFP fusion pro-
eins for the following candidate proteins and examined
heir localization upon transient transfection in HeLa
ells: Tektin, BUG14, BUG21, POC1, and POC12. Co-
taining with γ-tubulin to mark the centrosome revealed
hat each of the examined proteins localizes to a pair
f dots representing the centrioles (Figure 4, insets).
hese data indicate that at least four of the newly iden-able 2. POC Proteins
ame Protein ID Protein Description
OC1 162499 FABP “prototypical cilia”-class protein, in
human centrosomes
OC2 156598 novel P-loop protein found in FABP
OC3 163597 ortholog of human centrosome protein
cep290 (3H11 antigen)
OC4 163629 similar to centrin-interacting protein SFI1
(5 SFI repeats)
OC5 155108 ortholog of human centrosome protein
FLJ35779
OC6 155808 EF-hand protein similar to centrin-3
OC7 158560 FABP, ortholog of C. elegans gene UNC-
119 [43]
OC8 159663 14-3-3 protein found in human
centrosome proteome
OC9 166376 FABP protein with DM10 domain, similar
to Rib72
OC10 164333 FABP protein, ortholog of
nephronophthisis gene NPHP-4
OC11 164517 hypothetical protein found in human
centrosome proteome
OC12 169453 FABP protein similar to human protein
FLJ20345
OC13 153900 FABP protein with SH3 domain
OC14 152990 14-3-3 epsilon-like protein found in
human centrosome
OC15 153659 novel EF-hand protein in FABP
OC16 161892 WD40 protein found in FABP
OC17 164452 human centrosome-proteome protein
OC18 167712 FABP “prototypical cilia”-class protein in
human centrosome
entriole-proteome components whose potential association with
entrioles is supported either by comparative genomics [4, 7] or
y proteomics of the human centrosome [8] were designated POC
proteome of centriole) proteins. In this table, FABP refers to the
omparative-genomics studies of Li et al. and Avidor-Reiss et al [4,
]. Prototypical cilia class refers to the class of genes conserved in
ll ciliated organisms, including those lacking motile cilia [7].
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(A, E, I, M, and Q) γ-tubulin antibody stain showing centrosomes. Arrowheads, when present, indicate untransfected cells. (B, F, J, N, and R)
Localization of GFP-fusion proteins corresponding to human homologs of Chlamydomonas centriole candidate proteins (tektin, PACRG/
BUG21, POC1, POC12, and BUG14) after transient transfection into HeLa cells. (C, G, K, O, and S) DAPI stain to show DNA in cells. (D, H, L,
P, and T) Merge indicating that each GFP-fusion protein colocalizes to a pair of dots within the centrosome in HeLa cells, confirming centriolar
localization. Insets are enlarged approximately five times relative to the panel. The scale bar represents 5 m.tified centriole candidate proteins found in this study
do in fact localize to centrioles, confirming the accu-
racy of our approach.
Discussion
The Centriole Proteome
The analysis presented here is, to our knowledge, the
first proteomic analysis to focus directly on the compo-
sition of isolated centrioles. Previous studies addressed
centriole composition indirectly, either by examining con-
servation of genes among species containing centri-oles [4, 7] or else by proteomic analysis of entire centro-
somes [8] whose composition is dominated by
pericentriolar material. We developed an isolation pro-
cedure to enrich basal bodies from Chlamydomonas
reinhardtii and determined their protein composition by
using MudPIT [11]. We find that of the 195 proteins
identified in our final enriched preparation, roughly one-
third (61/195) are either known centriole proteins or are
centriole related as judged from bioinformatics cross-
validation using comparative-genomics data, centro-
some and cilia proteome data, and gene regulation dur-
ing flagellar assembly. Another third of the proteins are
Current Biology
1096obvious contaminants from chloroplast and mito- t
ochondria. A large fraction of the proteins identified by
MudPIT (46/195) are novel or hypothetical proteins. l
i
lIFT, BBS, and PCM Proteins Not Present
tin the Centriole Proteome
tAlthough proteins involved in intraflagellar transport
o(IFT) colocalize in the vicinity of basal bodies in Chla-
amydomonas, our analysis failed to detect any of the
Cknown IFT proteins [26]. This is consistent with the fact
athat isolated basal bodies do not give a positive signal
gwhen stained with antibodies against IFT proteins or
oFLA10 kinesin (data not shown). Similarly, we did not
vdetect any Bardet-Biedl Syndrome (BBS) proteins in
nour proteomic analysis of isolated basal bodies. BBS
cgenes are implicated in a ciliary disease syndrome, and
bat least some of the eight known BBS proteins localize
iaround the basal bodies of ciliated cells [4, 5, 27]. De-
tspite the apparent colocalization of IFT and BBS pro-
ateins to the vicinity of basal bodies in ciliated cells, our
lresults suggest that basal-body localization of these
Oproteins may only occur transiently during the course
fof their dynamic movements in and out of the cilium.
sAnother class of proteins not found in our centriole-
lproteome data are components of the pericentriolar
matrix (PCM). Neither γ tubulin nor the three identified
PChlamydomonas homologs of γ tubulin ring-complex
mproteins were found in the list of centriole-proteome
fproteins. This confirms our expectation that Chlamydo-
rmonas interphase basal bodies are relatively free of
wPCM.
t
tRNAi Phenotypes of BUG and POC Orthologs
din C. elegans and Drosophila
In order to begin identifying candidate centriole pro-
teins that might be important for centriole function, we C
compared our list of cross-validated candidates to I
published databases of genome-wide RNAi and inser- C
tional mutagenesis results in C. elegans and Drosophila g
[28–33]. The results of this analysis are annotated in a
Table S2. Many candidates gave phenotypes suggest- a
ing a role in cell viability, but two candidates in particu- C
lar appear to play specific roles in cell division. RNAi of a
the C. elegans homolog (CE16015) of the DnaJ domain
protein BUG7 caused a weak-spindle phenotype during o
early embryogenesis [31], suggesting a role in spindle w
organization, whereas RNAi of the Drosophila homolog c
(CG15081) of POC17 is reported to cause formation of t
binucleate cells in S2 cells [29], suggesting a cytokine- t
sis defect. These published results confirm our expec- d
tation that at least some of the cross-validated centri- l
ole candidate proteins defined in this study are likely to a
have roles in cell division. An important future direction c
will be to determine the function of the BUG and POC t
genes in Chlamydomonas via RNAi methods. t
c
pCiliary-Disease-Related Proteins in the Centriole
We identified, among the cross-validated centriole pro- a
oteins obtained in this analysis (Tables 1 and 2), the
Chlamydomonas orthologs of two human ciliary-dis-
cease genes, OFD1/BUG11 and NPHP-4/POC10. The
OFD1 gene is mutated in human patients with oral- i
ffacial-digital syndrome type I, a developmental diseasehat causes cystic kidney disease and malformations
f the mouth, face, and digits [34]. The OFD1 protein
ocalizes to the vicinity of centrosomes and basal bod-
es in human ciliated cells [35]. Prior studies of OFD1
ocalization could not, however, rule out the possibility
hat OFD1, like the IFT proteins, might localize around
he basal bodies without actually being an integral part
f the basal-body structure. However, the fact that our
nalysis identified the OFD1 ortholog BUG11 in isolated
hlamydomonas basal bodies suggests that OFD1 is
n integral component of the basal body. The NPHP-4
ene is mutated in human patients with nephron-
phthisis, a disease characterized by kidney cyst de-
elopment at the corticomedullary border of the kid-
eys [36, 37]. Similar to OFD1, the NPHP-4 protein (also
alled nephrocystin-1 or nephroretinin) has recently
een shown to localize in the vicinity of the basal body
n human cells [38]. Our recovery of an NPHP-4 or-
holog in the isolated basal-body proteome implies it is
component of the basal body itself and isn’t simply
ocalized around the basal body like the IFT proteins.
ur data thus support the possibility that both oral-
acial-digital syndrome and nephronophthisis may re-
ult from a basal-body or centriole dysfunction that
eads indirectly to a defect in ciliary function.
We also identified the Chlamydomonas ortholog of
arkin co-regulated gene (PACRG/BUG21). PACRG
utant mice show male infertility consistent with a de-
ect in sperm flagella [39]. The fact that our analysis has
evealed two bona fide human ciliary-disease genes as
ell as an additional gene involved in flagellar forma-
ion in mice suggests that the centriole/basal-body pro-
eome presented here may be a rich source of candi-
ate ciliary-disease genes.
onclusions
n this study, we successfully enriched centrioles from
hlamydomonas reinhardtii and utilized this material to
enerate the first reported centriole proteome. In our
nalysis, we identified 73% of the known centriole-
ssociated proteins in Chlamydomonas, as well as
hlamydomonas homologs of centriole or centrosome-
ssociated proteins from other species.
Bioinformatic cross-validation established two sets
f candidate centriole proteins: the basal-body proteins
ith upregulated genes (BUGs) and the proteome of
entriole proteins (POCs). The BUG proteins are likely
o be directly involved in ciliogenesis, as suggested by
he fact that they are encoded by genes upregulated
uring flagellar regeneration [25]. The POC proteins are
ikely to be core structural constituents of the centriole,
s suggested by their conservation in species with
entrioles and/or by their presence in the human cen-
rosome proteome. It is likely that a large fraction of
hese cross-validated candidates will encode bona fide
entriolar proteins, as suggested by our localization ex-
eriments in which the human orthologs of two BUG
nd two POC proteins were found to localize to centri-
les in HeLa cells.
Within these two unique subsets of cross-validated
entriole proteins, our analysis revealed several genes
nvolved in ciliary diseases in humans and ciliary dys-
unction in model systems. The identification of these
Centriole Proteome
1097disease genes, including OFD1, NPHP-4, and PACRG,
suggests that these diseases are likely to be caused by
defects in centriole structure or defects in ciliogenesis-
related functions taking place at the basal body. The
fact that our proteomic analysis of the centriole has
been performed in Chlamydomonas reinhardtii, one of
the leading genetic model systems for studies of centri-
oles and basal bodies because of its rapid yeast-like
haploid genetics and canonical centriole ultrastructure,
opens the door to an integrative approach in which
classical genetics can be combined with proteomic ap-
proaches to centriole biology.
Experimental Procedures
The basal-body isolation procedure and the methods used for
analysis of protein composition by MudPIT is described in the Sup-
plemental Experimental Procedures.
Quantitative PCR
To measure gene expression during flagellar assembly, total RNA
was isolated from Chlamydomonas cells prior to (t = 0) and 30 min
after deflagellation as previously described [25] and reverse tran-
scribed with SuperScript II (Invitrogen) after random priming (Invit-
rogen) with 10 g of total RNA per reaction. cDNA (1/20 of the total
RT reaction) was used for quantitative PCR with iTaq SYBR Green
Supermix according to the manufacturer’s protocol (BioRad) and
analyzed with a DNA Engine Opticon system (MJ Research). Prim-
ers used in this reaction were designed with the Primer 3 program
(Whitehead Institute). CT were obtained with the help of Opticon
software (MJ Research). Products were analyzed by agarose-gel
electrophoresis to confirm production of correctly sized product.
HeLa Cell Transfection and Immunofluorescence
Mammalian cDNAs from the human ORF collection in the form
of Gateway entry vectors were purchased from Open Biosystems
[44]. The following cDNAs were used with accession numbers and
the corresponding listed Chlamydomonas ID number (CV024189 -
tektin [ID 168881], CV024222 - PACRG/BUG21 [ID 162703],
CV024270 - WD repeat protein POC1 [ID 162499], CV028399 - hy-
pothetical protein POC12 [ID 169453], and CV022993 - hypothetical
protein BUG14 [ID 168135]). Each cDNA was sequenced to verify
correct ORF with M13 (−20) forward and M13 reverse primers pro-
vided by Integrated DNA Technologies before being put into the
C-terminal GFP-tagged pcDNA-DEST47 Gateway Vector according
to the manufacturer’s protocol.
HeLa cells (a gift from Mark von Zastrow, UCSF) were grown on
coverslips in 12-well plates and transfected with Lipofectamine™
2000 according to manufacturers guidelines. Cells were fixed the
following day with –20° methanol for 5-15min. and permeabilized
with 0.2% Triton-X in TBS for 10min. Cells were then stained with
anti γ tubulin antibodies (GTU-88, Sigma) 1:100 in TBS and TRITC-
conjugated AffiniPure Goat Anti-Mouse IgG (115-025-003, Jackson
Laboratories) 1:1000 in TBS. Cells were then stained with DAPI for
10 min and mounted with Vectashield.
DeltaVision deconvolution microscopy was used to make quick
projections of deconvolved images.
Supplemental Data
Supplemental Data including a diagram illustrating the basal-body
isolation procedure, Supplemental Experimental Procedures for
isolation of basal bodies and analysis of protein composition by
MudPIT, and five additional tables are available with this article on-
line at http://www.current-biology.com/cgi/content/full/15/12/1090/
DC1/.
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